Abstract. Purine nucleoside phosphorylase (PNP) deficiency in humans is associated with a severe T cell immunodeficiency. To understand further and exploit this T cell lymphospecificity, we have compared the cytotoxicities and metabolism of deoxyguanosine, the cytotoxic substrate of PNP and of arabinosylguanine, a deoxyguanosine analogue that is resistant to PNP cleavage, in T cell (8402) and B cell (8392) lines in continuous culture established from the same patient. In comparative growth rate experiments the T cells were 2.3-fold and 400-fold more sensitive to growth inhibition by deoxyguanosine and arabinosylguanine, respectively, than were the B cells. Only the T cells, but not the B cells, could phosphorylate in situ deoxyguanosine or arabinosylguanine to the corresponding triphosphate. Both the phosphorylation and cytotoxicity of arabinosylguanine in the T cell line could be prevented by deoxycytidine, which suggests that deoxycytidine-deoxyguanosine kinase initiated the intracellular metabolism and cytotoxicity of this nucleoside analogue. The sensitivity and selectivity of arabinosylguanine toward the T lymphoblastoid cells suggests a rational approach to the design of chemotherapeutic agents that are directed toward T cell malignancies and other T cell disorders.
Introduction
Biochemical and genetic analyses of the pathogenic mechanisms by which a deficiency in purine nucleoside phosphorylase (PNP)' causes a selective T cell immunodeficiency (1) have provided important insights into the critical role of this enzyme to normal immune function. Cell culture models with murine 1. Abbreviations used in this paper: ADA, adenosine deaminase; dCTP, deoxycytidine triphosphate; dGTP, deoxyguanosine triphosphate; PNP, purine nucleoside phosphorylase.
T cells that are genetically deficient in PNP have suggested that deoxyguanosine is the only PNP substrate which causes significant cytotoxicity (2) . Coupled with the observation that deoxyguanosine triphosphate (dGTP) accumulates in the erythrocytes of PNP-deficient children (3) and in thymocytes that are exposed to deoxyguanosine (4) , it appears that deoxyguanosine is the cytotoxic substrate of PNP. In order to exert its lymphotoxic effect, deoxyguanosine requires intracellular phosphorylation to the triphosphate level (5) (6) (7) (8) (9) . dGTP inhibits the cytidine diphosphate reduction component of ribonucleotide reductase, depleting intracellular deoxycytidine triphosphate (dCTP) pools to levels inadequate for the maintenance of DNA synthesis (10) . Cells that contain a ribonucleotide reductase activity that is refractory to complete inhibition by dGTP (2) and nonreplicating peripheral blood lymphocytes (1 1) are not sensitive to deoxyguanosine toxicity. The selective cytotoxicity of deoxyguanosine toward T cells appears to be the result of the unique ability of T cells to accumulate dGTP from exogenous deoxyguanosine (6) (7) (8) (9) . T cells have both the highest levels of deoxycytidine-deoxyguanosine kinase activity (12) and the lowest amounts of cytosolic deoxyribonucleotide dephosphorylating activity (13) . The selectivity of PNP deficiency for cells that are derived from the T limb of the immune system offers a rational approach for the design of chemotherapies that are directed against either neoplasms of T cell origin or other T cell disorders.
In this report, we examined the metabolism and cytotoxicity of arabinosylguanine, a PNP-resistant deoxyguanosine analogue (14) , in established T lymphoblastoid and B lymphoblastoid cell lines that were derived from the same individual. The potential for arabinosylguanine or similar analogues for the treatment of T cell lymphoproliferative diseases or disorders of T cell function is discussed.
Cell culture. The human T lymphoblastoid cell line, 8402, and the B lymphoblastoid cell line, 8392, were initially derived from the same patient (15, 16) Intracellular nucleotide measurements. 8402 and 8392 cells were grown overnight in complete medium to assure asynchronous and exponential growth. To 20-ml cell cultures that contained -6 X lo0 cells/ml was added either 5-500 uM deoxyguanosine or 100 ,AM arabinosylguanine. Some cultures also contained various concentrations of deoxycytidine. Two flasks of each cell type that lacked nucleoside were maintained as controls. After 4-h incubations at 370C under normal growth conditions, cells were pelleted by centrifugation for 8 min at 1,000 g, resuspended in 1.0 ml of phosphate-buffered saline, and centrifuged at 10,000 g for 6 s in a Microfuge B (Beckman Instruments, St. Louis, MO). A small aliquant of cells was removed for cell counting, and the nucleotides were extracted from the cell pellets with 1.5 N perchloric acid in 0.1 M phosphate, followed by neutralization with 1.0 N KOH (17) . Separation of GTP, dGTP, and arabinosylGTP was performed on a high performance liquid chromatography system using a Whatman partisil SAX-10 column with 0.4 M ammonium phosphate buffer, pH 3.5, as the mobile phase at a flow rate of 1.5 ml/min. The retention volumes in this liquid system for GTP, dGTP, and arabinosylGTP were 42, 48, and 54 ml, respectively. The identification of intracellular GTP, dGTP, and arabinosylGTP could be ascertained by comparison of ratios of optical density at 254 and 280 nm and co-migration with known nucleotide standards. GTP and dGTP could be quantitated by comparisons of peak heights with those of standards, and arabinosylGTP measured by weighing the peaks recorded on the chart paper and comparing with the weights of the peaks of GTP and dGTP standards.
Results
Purine nucleoside phosphorylase deficiency results in a specific T cell immunodeficiency (1) . Since deoxyguanosine is the only cytotoxic substrate of PNP (2, 5) and accumulates as dGTP in erythrocytes of PNP-deficient children (3), the growth inhibitory effects of exogenous deoxyguanosine were compared on the syngeneic 8402 T and the 8392 B cell lines. As shown in Fig. 1 medium, whereas deoxycytidine had virtually no effect on the cytotoxicity of deoxyguanosine in B cells (Fig. 1) . Addition of 50 ,M adenine to the growth medium that contained deoxycytidine further protected 8402 cells from the cytotoxic effects of deoxyguanosine (Fig. 1) . Conversely, 50 MM adenine alone in the growth medium substantially protected 8392 cells, but not 8402 cells, from deoxyguanosine cytotoxicity. Neither adenine nor deoxycytidine in the absence of deoxyguanosine had any growth inhibitory on these human cell lines. These results suggested that the primary mechanisms of deoxyguanosine cytotoxicity in 8402 and 8392 cells were markedly different. Therefore, the abilities of the 8402 and 8392 cells to metabolize deoxyguanosine to the nucleotide level were compared. As shown in Fig. 2 A, only the 8402 T cells could convert deoxyguanosine to dGTP. High concentrations of exogenous deoxyguanosine increased intracellular dGTP levels several hundred-fold in 8402 cells, whereas no elevation in dGTP pools was observed in the B cells (Fig. 2) . Conversely, deoxyguanosine caused a massive increase in cellular GTP concentrations in the B cells (Fig. 2 B) with a concomitant depletion of intracellular ATP pools (data not shown). GTP levels were also increased in T cells at low exogenous deoxyguanosine concentrations, but somewhat surprisingly not at higher deoxyguanosine concentrations. The selective conversion of deoxyguanosine to dGTP in 8402 cells could be abolished by exogenous deoxycytidine (Fig. 2 C) . Deoxyguanosine ac- The above data suggested that deoxyguanosine analogues which are resistant to cleavage by PNP might be selectively metabolized and cytotoxic toward the T cell line. The prototype of such an analogue is arabinosylguanine, which is not a substrate for PNP (14) . (20) (21) (22) . However, deoxycoformycin also eliminates normal T and B cell populations, which is not unexpected since ADA deficiency in humans affects both cellular and humoral immunity, and causes serious cytotoxicities to other organs including the kidneys, lungs, eyes, and central nervous system (21, 22) . In contrast to the combined T and B cell immunodeficiency that accompanies ADA deficiency, PNP deficiency causes a specific T cell abnormality with apparently normal B cell function. The results of cell culture studies (2, 5-9, 14, 16) and the discovery of elevated dGTP in erythrocytes of PNPdeficient patients (3) (25) . An alternative approach to the eradication of T cell malignancies or to the modulation of T cell functions would be the utilization of cytotoxic deoxyguanosine analogues that are resistant to degradation by PNP, such as arabinosylguanine (14) . As a potential chemotherapeutic agent, arabinosylguanine, a cytotoxic substrate of the deoxycytidine-deoxyguanosine kinase activity, should be more efficacious than an enzyme inhibitor such as deoxycoformycin, which is dependent upon the accumulation and subsequent metabolism of deoxyadenosine, the cytotoxic substrate of ADA. Moreover, deoxyadenosine is generated from the degradation of DNA and is, thus, a product of deoxyadenosine-deoxycoformycin toxicity per se.
We have compared the cytotoxicity and metabolism of both deoxyguanosine and arabinosylguanine, a deoxyguanosine analogue that is resistant to PNP cleavage, in syngeneic T and B cells; i.e., cells established from the same patient. Thus, differences in drug metabolism should theoretically reflect differential gene expression rather than genetic differences in biochemical targets. Although both 8402 and 8392 cells were sensitive to deoxyguanosine, the mechanisms of cytotoxicity were different. The primary mechanism of deoxyguanosine cytotoxicity in 8402 cells, i.e., the component protected by deoxycytidine, was mediated by direct phosphorylation that was initiated by deoxycytidine-deoxyguanosine kinase. A secondary mechanism of deoxyguanosine cytotoxicity in these T cells and the sole mechanism involved in the killing of 8392 B cells, reversible by adenine, involves the conversion of deoxyguanosine to guanylate nucleotides via PNP and hypoxanthineguanine phosphoribosyltransferase. Guanylate nucleotides cannot be converted to inosine monophosphate in mammalian cells and their inhibitory effects on the early part of the purine biosynthetic pathway (5) deplete cells of adenylate nucleotide pools.
The unique ability of T cells to accumulate dGTP from exogenous deoxyguanosine suggested that deoxyguanosine analogues that are resistant to phosphorolysis by PNP might be cytotoxic exclusively to cells of thymic origin. We, therefore, compared the cytotoxicities of arabinosylguanine, a non-PNP substrate (14) , on the syngeneic 8402 T and 8392 B cells. Whereas the T cells were only 2.3-fold more sensitive than B cells to deoxyguanosine, they were >400-fold more sensitive to arabinosylguanine toxicity. This large difference between the syngeneic cells toward arabinosylguanine could be attributed to the unique ability of 8402 cells to accumulate arabinosylGTP. Arabinosylguanine was not metabolized in the 8392 cells.
Although PNP deficiency is an inborn error of metabolism afflicting <20 patients, the elucidation of the metabolic basis of the specific lymphotoxicity has provided biochemical rationale for the design of a T cell specific agent. T cells have the unique ability to accumulate the triphosphate of deoxyguanosine and some of its analogues, such as arabinosylguanine. In the presence of deoxycytidine, which renders 8402 cells incapable of this triphosphate accumulation, the syngeneic 8402 and 8392 cells were equally sensitive to both deoxyguanosine (EC values equal 35 ,uM) and arabinosylguanine (EC values equal 100 AM). Despite the exquisite sensitivity of 8402 and other T cells (14) to arabinosylguanine, the clinical usefulness of arabinosylguanine is probably limited by its low solubility and high frequencies of cellular resistance (data not shown). We have also tested three other deoxyguanosine analogues, which are all 6-thioguanine formycin C-nucleosides, in our cell culture system. None were growth inhibitory to 8402 or 8392 cells. Nevertheless, the design of deoxyguanosine or other deoxyribonucleoside analogues that are selectively accumulated to the nucleotide level by T cells offers a rational approach for the treatment of T cell malignancies or for the treatment of other T cell disorders, such as autoimmune abnormalities or graft vs. host disease.
